ABSTRACT
INTRODUCTION
There is no consensus in the literature about how the deepest portions of protein structures are packed. Tsai et al. (1999) compared packing of deeply buried atoms to surface atoms and found, that the packing density is highest in the deep interior and that few or no cavities occur there. In an earlier report, Hubbard found atom-sized cavities most frequently in the protein core (Hubbard et al., 1994) , which is contradictory to the above statement. An extensive analysis of selection criteria for structures and atom sets has recently been done focussing on statistical issues (Tsai and Gerstein, 2002) . However, it remained unclear how packing in the protein interior changes from the surface to the deepest parts of a structure.
To measure the packing density, atomic volumes have to be calculated, which means partitioning space among individual atoms. Hydrogen atoms are usually represented implicitly * To whom correspondence should be addressed.
by the heavy atom's radius. With atomic volumes, the packing density of an atom can be calculated (Finney, 1970) . The problem of dividing space into polyhedric bodies around fixed points was originally solved by the Voronoi procedure (Voronoi, 1908) , which has been further developed to include atomic radii, such as the Richards B Method (Richards, 1974) and the Radical Plane Method (Gellatly and Finney, 1982) . Also improvements using curved instead of planar interfaces between atoms for a more reasonable allocation have been made (Gerstein et al., 1995; Goede et al., 1997) . At the protein surface, the atomic volume is limited by the center of a water-sized probe rolling over the Van-der-Waals spheres of all atoms (Gerstein et al., 1995) . Locations, where the probe can be placed inside a protein structure such that it neither intersects any Van-der-Waals sphere nor reaches the surface without intersection are referred to as cavities (Richmond, 1984) .
Since the analyses carried out by Richards (1974) and Chothia (1975) , it is known that the protein interior is packed at least as efficiently as small organic crystals. Aliphatic groups are packed more efficiently than peptide bonds and charged groups (Harpaz et al., 1994) . The packing density was found to be dependent on protein size, secondary structure and amino acid composition, but not on crystal temperature, and it is similar in homologous protein structures even for distantly related proteins (Fleming and Richards, 2000) .
Empty space inside tightly packed structures is thermodynamically unfavorable. The free energy for creating a polar cavity of 1.4 Å radius is given by about 21 kJ/mol (Kocher et al., 1996) , which is in the range of the stabilization energy of a whole protein (20-60 kJ/mol). However, many cavities are occupied by water molecules probably mitigating much of the destabilizing effect, but are not always detectable due to delocalization in the crystal structure. Various mutation experiments proved that filling a cavity increases thermal stability (Ishikawa et al., 1993) and, vice versa, introducing a new cavity decreases it (Matsumura et al., 1988; Sandberg and Terwilliger, 1989; Eriksson et al., 1992) . But on the contrary, filling cavities can inhibit motion of functionally important regions of a protein, thereby diminishing its catalytic activity (Ogata et al., 1996) . In fact, thermophilic and mesophilic proteins did not differ in packing essentially (Karshikoff and Ladenstein, 1998) . Apparently, a trade-off between protein stability and flexibility manifests itself in the occurrence of cavities.
Protein packing properties are applied to the calculation of the intrinsic compressibility of a protein (Harpaz et al., 1994; Paci and Marchi, 1996) . Other practical applications include calculation of packing densities for ligand binding prediction (Kuhn et al., 1992; Liang et al., 1998) , quality assessment of protein structures (Pontius et al., 1996) , calculation of partialspecific volumes (Tsai et al., 1999) , analysis of protein-ligand interactions (Liang et al., 1998) and design of novel proteins (Dahiyat and Mayo, 1997; Kono et al., 1998) . We provide sets of reference packing densities for regions in proteins that differ in their distance to the surface and to internal cavities, supplementing previous data. Additionally, we will analyze the tripwires laid when defining the deep interior of proteins. We want to clarify where there are cavities in the protein interior and where not.
MATERIALS AND METHODS
To ensure comparability, the same protein structure set derived from SCOP and the same set of atom types as in a recent study was used (Tsai and Gerstein, 2002) . We focused on the influence of the distance of an atom to the Connolly surface on local packing. This takes non-globular protein shapes into account. Special attention was given to interior cavities and their neighbor atoms. By these means, we defined several atomic subsets. Using an improved Voronoi procedure (Goede et al., 1997) , we calculated average packing densities for each atom type in each subset. It was also analyzed, how cavities and their neighbors were distributed according to their distance to the protein surface.
Dataset
We used a representative set of 87 high-resolution protein structures (resolution < 1.75 Å, R-value < 20%) each representing a distinct SCOP class (Lo Conte et al., 2000) , as suggested by Tsai et al. (1999) and Tsai and Gerstein (2002) . We removed homologous chains from each structure and used the first alternative conformation if more than one occurred. In total, 173 different atom names occur in polypeptide chains, including oxidized and reduced cysteine. Clustering by chemical and numerical criteria results in 18 atom types with similar properties (Tsai et al., 2001) . These atom types were named by the scheme ExHyZ, where E is the element, x the number of covalently linked atoms, y the number of hydrogens and Z is a letter distinguishing between big and small subtypes of a particular chemical type (see Table 2 ). Each atom was assigned a Van-der-Waals radius from a set of radii empirically determined from structures of small organic molecules, Fig. 1 . Schematic definition of atomic subsets. The subsets 'SURFACE' (bright), 'SHALLOW' (dark), 'DEEP' (medium) and CAVNB' (shaded circle) are distinguished. An example cavity position is marked by a small circle. The SURFACE subset was defined as all atoms at the Connolly surface, the SHALLOW subsets atoms were between 0.0 and 2.8 Å apart from and the DEEP subset was below that. Cavities were detected using a 1.4 Å radius probe.
known as the ProtOr set (Tsai et al., 1999) . Radii for nonprotein atoms had been determined separately (Stouten et al., 1993) . The term atom groups' is also used, because properties of a heavy atom and its linked hydrogen atoms are summarized to one structural entity.
Atomic subsets in protein molecules
To distinguish regions inside the protein interior, we defined regions within a distance range to the Connolly surface. In a second approach, a larger number of regions within distance ranges to the next surface atom was defined. The Connolly surface is defined by the surface of a spherical 1.4 Å radius probe rolling over the protein atoms' Van-der-Waals spheres. We assigned protein atoms to atomic subsets according to the shortest distance d surf between the center of an atom and the Connolly surface (Connolly, 1983) . Ligands and other nonpeptide atoms were included, except for all water molecules at the protein surface, because the extent to which they are resolved differs greatly between individual structures. Five atomic subsets were defined ( Fig. 1 ):
1. SURFACE-This set contains all atoms that are directly touched by the probe, and therefore they are in contact to the Connolly surface (d surf = 0.0 Å).
2. SHALLOW-Contains all atoms no more than 2.8 Å apart from the Connolly surface but not in touch with it (0.0 < d surf 2.8 Å).
3. DEEP-Contains all atoms more than 2.8 Å apart from the Connolly surface (d surf > 2.8 Å).
4. BURIED-This is the union of the SHALLOW and DEEP subsets (d surf > 0.0 Å). 59 147 protein atoms were distributed among the 20 shells according to their sdist values, such that each shell contained 2957±1 atoms. The first shell is almost at the protein surface, the last is buried deepest. By this approach, the atom numbers are equal on the price of slightly different volumes resulting from the packing densities reported in Table 2 . In Figure 3 , the cavity distribution among these shells is shown.
5. BOTTOM-Defined like the BT set in the analysis of (Tsai and Gerstein, 2002) , a separate Connolly surface is calculated for the BURIED subsets atoms. This set consists of all atoms from the BURIED subset that are not in touch with that surface. 6. CAVNB-This set contains atoms in direct contact with a cavity, as explained below.
To estimate the positions of cavities in the protein interior in a higher resolution, we divided all protein atoms into 20 layers of atoms. For each protein atom, the distance to the next surface atom sdist was calculated. All atoms in the BURIED subset were subdivided into 20 disjoint groups characterized by the sdist ranges in Table 1 . The distance ranges were defined such that each group contained the same number of atoms. We will refer to these groups as shells. By this approach, the atom numbers of each shell are equal while their volumes may differ slightly due to different packing of individual atoms.
Packing densities
The Van-der-Waals volume of an atom V VdW is the space inside the atoms Van-der-Waals sphere, cut by the separating surface between covalently linked atoms. The solvent excluded volume of an atom V se also cut by separating surfaces. The local packing density PD is defined as the fraction of both values (Finney, 1970) :
For calculating local packing densities, a modified Voronoi procedure using hyperboloid interfaces between atoms was applied (Goede et al., 1997) . These interfaces are defined by all points that are equally distant from both Van-der-Waals spheres of the two atoms. At the surface of a protein or an interior cavity, it is not reasonable to distribute all available space among neighboring atoms. Therefore, the maximum distance of a point belonging to an atom group is defined as the Van-der-Waals radius plus 1.4 Å representing a solvent molecule. Atom group volumes were calculated numerically using a cubic lattice with a grid distance of 0.2 Å. For each atomic subset and atom type k, the average packing density <P D k > was calculated as the mean value of the local packing densities of all contributing atoms having the standard deviation σ k . To compare packing of a distinct protein with the average packing, a z-score-rms is defined (Pontius et al., 1996) :
Analyzing cavities
Cavities were defined as locations, where a 1.4 Å radius probe could be placed inside a protein structure without intersecting any atoms' Van-der-Waals sphere and without reaching the surface without such an intersection (Richmond, 1984) . All buried atoms touched by the probe were grouped as cavity neighbors (CAVNB). For these atoms, all having 0.0 Å distance to the Connolly surface inside the cavity, a separate set of average packing densities was calculated. The centers of the cavities were calculated from the atom coordinates of the cavities neighbor atoms, ignoring the mass of different atom types. We will refer to these points as 'cavity positions'. Each cavity position was assigned to one of the 20 shells by its sdist value. For this part of our analysis, we treated cavities occupied by one or more water molecules as if they were empty. We calculated the relative amount of cavity positions and cavity neighbors for each shell. Finally, the frequency of polar and non-polar cavity neighbors and other atoms in each shell was calculated, where polar atoms were defined as nitrogen, oxygen and peptide and amide carbon atoms. These carbon atoms have a partial charge similar to most oxygen and nitrogen atoms due to the strong electronegativity of their neighbor atoms (Brooks et al., 1983) .
RESULTS
We identified about one-half (52.2%) of the protein atoms belonging to the surface. About one-third (36.6%) of the atoms were directly below the surface, and only the remaining 11.2% were deeply buried. Containing 18.1% of the atoms, the BOTTOM subset was larger than the DEEP set. About every 25th atom (3.8%) in the set was a direct neighbor of a cavity, and about 60% of the cavities are occupied by water. For analyzing packing density, only the 1.6% neighbor atoms of empty cavities were considered. The three subsets SURFACE, SHALLOW and DEEP are clearly visible as three distinct concentric layers. Visual inspection revealed that many structures have more than one contiguous The atom types are listed in the format ExHyZ, where E is the element, x the number of covalently linked atoms, y the number of bonded hydrogens and Z a letter for further distinction. The packing density is calculated as PD = V vdW /V total . Average packing densities for five atomic subsets built from 87 high-resolution structures and for buried atoms from mesophilic and thermophilic protein structures are given. For the first subset, the number of atoms is also given. The minimum and maximum packing densities for each subset are highlighted.
region classified as DEEP, often relating to protein domains or subunits (e.g., see Fig. 2 ). The average local packing densities for the 18 atom types and each subset are shown in Table 2 . In all atomic subsets, the tertiary nitrogen atoms from arginine (atom type N3H0u) were packed most tightly, while reduced cysteine groups (S2H1u) were packed most fluffily in all subsets except SURFACE. The average packing densities range from 0.333 (peptide and amide oxygen O1H0u) to 0.758 (N3H0u) for surface atoms and from 0.493 (O2H1u in CAVNB) to 0.868 (N3H0u in BOTTOM). SDs of the average packing densities were similar for all (5-12%) except the SURFACE atomic subset (8-31%). For a few average packing densities in the small atomic subsets CAVNB and DEEP, the deviation was higher due to a smaller sample size. Similar deviations were found earlier in analyses reporting reference packing values (Pontius et al., 1996; Tsai and Gerstein, 2002) . To test the reliability and uniformity of our dataset, we compared the local packing of all atoms in the BURIED subset to the average packing densities given in Table 2 . The z-score-rms defined by (Pontius et al., 1996) was calculated for each structure using the average packing for the BURIED subset as reference values. For the set of 87 high-resolution structures, the z-score-rms was in the range of 0.74-1.26, having an average of 0.96 ± 0.10.
The packing densities of each atom type in an arbitrary subset depend strongly on the hybridization state of the heavy atom and the number of hydrogens. Tertiary carbon (C3H0s,b) and nitrogen (N3H0u) atoms in the sp 2 -state are packed most efficiently, while methyl groups (C4H3u) and the Hbond forming hydroxyl (O2H1u) and thiol (S2H1u) groups exhibit the lowest packing density. Thus, average packing densities for different atom types represent how these atoms are covalently linked. Comparing the atomic packing density of our atom types in different atomic subsets revealed that most differences are fairly below SD. Atoms close to internal cavities are packed less efficiently. The lowest packing densities are observed for atom types having few covalently linked atoms. Generally the BOTTOM subset has the highest average packing densities of all atomic subsets, followed by the SHALLOW subset. By its definition, it seems reasonable that the BOTTOM set encloses the most deeply buried protein atoms. But surprisingly, we observe a lower packing efficiency in the DEEP subset compared with the BOTTOM subset. To interpret this surprising finding, we investigated whether the DEEP and BOTTOM subsets were in the same region at all, and counted how many atoms in them were identical in each protein structure. The overlap between the BOTTOM and DEEP subsets is widely spread: 72±24% of the DEEP subsets atoms of one protein are also in the BOTTOM subset. Extending this analysis to cavity neighbors, we found that 27±26% of the CAVNB subsets atoms of one protein are also in the DEEP subset, but only 3 ± 7% of them also belong to the BOTTOM set. This data shows clearly, that many cavity neighbors are removed from the BOTTOM but not from the DEEP atomic subset. An example of this effect is shown in Figure 2 .
Using a 1.4 Å radius probe, cavities were found in all protein structures larger than 150 amino acid residues. 522 of 962 cavities contained at least one water molecule, still providing enough empty space for the probe. We found 0.0-9.8 cavities per 100 residues with an average of 4.4 cavities per 100 residues in our set. The 962 cavities are surrounded by 6888 atoms. 1576 of them belong to the SURFACE atomic subset, 3014 to the SHALLOW and 2298 to the DEEP subset, suggesting that cavities occur more frequently in the deep interior or at least at its border. These cavity neighbor atoms have virtually the same packing densities as the CAVNB atomic subset in which only buried neighbor atoms of non-occupied cavities were included.
In each subset from SURFACE to DEEP, the percentage of non-polar atoms was calculated for both cavity neighbor atoms and atoms in the entire subset, as shown in Figure 3 . Cavities closer to the hydrophobic core, have slightly less polar neighbors. Their ratio increases from the surface to the deep interior from 1.29 to 1.71. This trend is independent of the polarity of the entire subsets, as the SHALLOW atomic subset contains less non-polar atoms than the other subsets. A majority of 84% of the cavities has at least one polar neighbor atom. In the protein core, only 78% of the cavities have one or more polar neighbor atoms.
To get information in which depth from the protein surface cavities preferably occur, we analyzed in a higher resolution the distance to superficial atoms. The surface distance sdist for all buried atoms was collected and assigned to 20 shells having an equal number of atoms. In Table 1 , the sdist ranges for each shell are listed. Each shell contains 2957 ± 1 atoms. The occurrence of cavity positions and cavity neighbor atoms in each shell is shown for proteins larger than 100 amino acid residues (Fig. 3) . Cavities occur most frequently in the shells 12-14 (2.50-3.60 Å) (Fig. 3a) . A small second increase is found in shell 20 (below 6.10 Å). Between shells 15-19, less than half as many cavities per shell as in shell 12 were counted. Very few cavity positions occur closer to the surface than shell number 11 (2.42 Å). In contrast, the neighbor atoms of cavities follow a more regular distribution (Fig. 3b) . The percentage of cavity neighbor atoms among all atoms increases from outer to inner shells, reaching 12% for the innermost shell. Cavity neighbor atoms are also found in the outermost shells. When medium-sized proteins (100-200 amino acids) are treated seperately, the shells would not extend as deep as in large proteins. Therefore, cavities are found less frequently in the innermost shell.
DISCUSSION
To solve the contradiction in the literature about the localization of cavities in proteins, packing in a non-redundant dataset derived from SCOP was analyzed. Using the ProtOr radii set, atom types and an improved Voronoi procedure, the distance to the protein surface was used to define regions in the protein interior and to analyze the occurrence of cavities. Unlike previous methods, the method used takes into account every protrusion and groove in the structure. Only atoms that are really far from the surface are assigned to the deeply buried subset. The definition of the buried subsets is independent of the presence of cavities, which is a necessity for measuring their frequency.
Protein ligands and other non-protein atoms were included in the calculation of average volumes, even though this increases scattering for some polar atom types (Tsai and Gerstein, 2002) . We argue that including the environment of functional groups means also including the most functionally relevant parts of a structure. By these measures, we separate a tightly packed protein region (the SHALLOW) subset from the more loosely packed protein core (the DEEP subset). By removing two layers of surface atoms, we gain the BOTTOM subset, which is also packed tightly and extends through part of the other two subsets.
In proteins, atom-sized cavities occur in all distances from the surface. The centers of cavities are most frequent close below the surface, while the cavity neighboring atoms are observed most frequently in the protein core (Fig. 4) . This discrepancy is due to cavity neighbor atoms being overrepresented far from the surface, because relatively few protein atoms exist there. Also, 34 large cavities with more than 20 neighbor atoms were found in the protein core, making up a significant proportion of the 6888 cavity neighbor atoms, but not of the mass centers of the 962 individual cavities. The higher frequency of cavity neighbor atoms in the innermost protein regions explains, why we find a lower packing density for this region when compared with the SHALLOW subset.
But how did the initially mentioned contradiction emerge? On one hand, it was denoted that no cavities occur in the interior defined as the BOTTOM set because of a high packing density (Tsai et al., 1999) . In the DEEP subset, the packing density is lower, because many atoms are in direct contact to cavities. When the BOTTOM set is created by removing the surface atoms, many cavities-most of which were found in that depth-become opened up to the solvent and all their neighbor atoms are also not counted. Additionally, packing defects <2.8 Å in diameter may also contribute to this effect. Thus, the definition of the BOTTOM set selects the most tightly packed atoms.
On the other hand, Hubbard et al. (1994) described the localization of most cavities in the center of protein structures. In their study, a probe radius of 1.25 Å was used on a dataset containing much smaller structures. Though this probe radius is useful for finding cavities in homologous proteins, many cavities near the surface become solvent-accessible. We used the 1.4 Å radius for compatibility with the study by Tsai and Fig. 3 . The distribution of (a) cavity positions and (b) cavity neighbor atoms in different depths from the surface is shown for proteins with at least 100 amino acid residues. All protein atoms were distributed among 20 concentric shells according to their distance to the next surface atom (sdist). Each column shows the percentage of all cavity positions/cavity neighbor atoms found in that shell. The distance ranges for the shells were chosen such that all shells have the same number of atoms. The exact values used are listed in Table 1 . Gerstein (2002) . Additionally, cavity positions were analyzed by Hubbard et al. (1994) constructing ellipsoid bodies around the proteins. However, some protein structures have a very irregular shape, which is ignored by this procedure and may even produce an ellipsoid with its center near the protein surface (see Fig. 2 for comparison) . These effects result in a higher concentration of cavities in the protein core than reported here.
In case of internal cavities, the polarity of the surrounding atoms rises from 56% non-polar atoms near the protein surface to 63% in the deep interior. Interestingly, the polarity of all atoms in the SHALLOW (44%) and BOTTOM (49%) Fig. 4 . Polarity of cavity neighbors and other atoms in different atomic subsets. Two groups of bars indicate the relative amount of non-polar atoms (all but nitrogen, oxygen and peptide and amide carbon atoms). These carbon atoms have a partial charge similar to most oxygen and nitrogen atoms due to the strong electronegativity of their neighbor atoms (Brooks et al., 1983) . The full bars illustrate polarity for all atoms of the particular subset, showing an increase of polarity for the tightly packed SHALLOW and BOTTOM subsets. Striped columns illustrate, how many non-polar cavity neighbor atoms (CAVNB) are found among all cavity neighbors in a particular subset. The percentage of non-polar atoms is above, their number below each bar.
subsets is lower than in the remaining subsets. This is mainly due to the distribution of protein backbone atoms: peptide oxygen atoms are found more often in the SURFACE subset, while peptide nitrogen and carbon are found mostly in the SHALLOW subset (data not shown). We found that non-polar cavity neighbor atoms are in general more frequent than nonpolar atoms in the corresponding atomic subset (see Fig. 4 ). However, non-polar atoms need not to be packed generally less efficiently in the protein interior, because cavity neighbor atoms only are a small proportion of it. In fact, our data in Table 2 reveals no remarkable differences. Earlier reports of aliphatic atoms being packed a little more tightly (Harpaz et al., 1994) are hard to compare with these values due to different atom radii used.
Our results are supported by molecular dynamics simulations done by Kocher et al. (1996) revealing that cavities are more likely to occur in non-polar regions than in a polar environment. One reason given for this was that non-polar regions often have greater flexibility, because sidechain atoms are less constrained by polar bonding interactions. Also, by containing less polar atoms at the surface of cavities, a higher number of polar interactions is possible in the protein interior, contributing to protein stability (Kocher et al., 1996) .
There is in general heterogeneity in packing: SD of reference packing values in most analyses of atomic packing numbers 5-12%. In fact, by analyzing the scaling of geometric properties such as volume and number of cavities with protein size, packing in the protein interior was found comparable to a collection of random spheres-packing in large structures is similar to a model liquid due to the occurrence of cavities (Liang and Dill, 2001) . It was also reported that about twothirds of all residues coordinate themselves approximately in face-centered cubic packing while the remaining third does not (Bagci et al., 2002) . Our data shows that packing in the protein interior is not entirely random: the largest number of cavities is seen in about 3 Å depth. It would be the result of the polypeptide chain with its structural constraints folding to a globular shape. By using sequential Monte Carlo simulations, the scaling of packing density with chain length was found likely to be a generic property of compact polymers (Zhang et al., 2003) . Their reports suggest that protein packing has not been optimized much by evolution. Packing is similar in all protein structures depending on their size.
CONCLUSION
Using an improved Voronoi procedure, we were able to track packing from the protein surface to the most occluded atoms. Now we can answer our initial question: how are different regions packed? We report that packing in the protein interior is tight but generally inhomogeneous. We distinguish the very well-packed BOTTOM and SHALLOW subsets from the DEEP subset, where packing is slightly less tight. There are about 4.4 cavities per 100 amino acids in protein structures, they occur in all regions, most frequently in a depth of 2.50-3.60 Å underneath the superficial atoms. Around cavities, packing is less efficient. The composition of cavity neighbor atoms is more non-polar than the corresponding subset. Cavities are slightly less polar towards the protein core. The reference packing densities presented in Table 2 for several protein regions provide a basis to assess packing in other structures and identify tightly packed regions and cavities.
